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Abstract
We have already developed a frequency tunable gyrotron (Gyrotron FU CW VI)  
operating at fundamental resonance by using a 15 T superconducting magnet, in order to 
apply to 600 MHz DNP-NMR spectroscopy. The gyrotron has achieved a frequency tunability 
of 1.6 GHz and the output power was ranged from 10 to 30 W. On the basis of the success, we 
have designed a new sealed-off gyrotron. We are intending to improve the output power, the 
stability and the frequency tunability. In this report the design and the results of operation test 
are described. 
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1. ࡣࡌࡵ࡟
 䛣䜜䜎䛷䝃䝤䝔䝷䝦䝹䝒䛛䜙䝔䝷䝦䝹䝒ᖏ䛻䛚䛔䛶㧗ฟຊග※䛜Ꮡᅾ䛧䛺䛛䛳䛯Ⅽ䛻䚸ᛂ
⏝◊✲ࡀᅔ㞴ࡔࡗࡓศ㔝ࡀከᩘ࠶ࡗࡓࠋ㏆ᖺࡢ Gyrotron ࡢ㧗࿘Ἴ໬࡟ࡼࡾ㸪1THz௨ୖ
䛾㡿ᇦ䛻䛶ᩘ 10W䛾ฟຊ䜢ྍ⬟䛸䛩䜛ග※䜒ᐇ⌧䛩䜛䜘䛖䛻䛺ࡾ㸪≀ᛶ⛉Ꮫ䚸⏕࿨⛉Ꮫ䚸ᇶ
♏≀⌮䚸䝥䝷䝈䝬ィ 䛺䛹ከᒱ䛻ர䜛ศ㔝䛷䛾ᛂ⏝䛜ᮇᚅ䛥䜜䜛䜘䛖䛻䛺䛳䛯䚹࡜ࡾࢃࡅࠊ⺮
ⓑ㉁ࡢᵓ㐀ゎᯒࡢศ㔝࡟࠾࠸࡚ࠊ㧗࿘Ἴ Gyrotron ࡀග※࡜ࡋ࡚ὀ┠ࡉࢀ࡚࠸ࡿ㸬⏕య
㧗ศᏊᵓ㐀ࢆ◊✲ࡍࡿᡭἲ࡜ࡋ࡚᰾☢Ẽඹ㬆㸦NMR㸧ศගࢆ⏝࠸ࡓゎᯒࡀ୺せ࡞᪉ἲ
ࡢ୍ࡘ࡜࡞ࡗ࡚࠾ࡾ㸪ศᏊ㔞 1 ୓௨ୖࡢศᏊ࡟ࡘ࠸࡚ᵓᡂศᏊࡢ඲ᗙᶆỴᐃࡀྍ⬟࡜࡞
ࡗ࡚࠸ࡿ㸬 ⌧ᅾ㸪⏕యศᏊࡢാࡁࢆཎᏊศゎ⬟࡛▱ࡿࡓࡵ࡟ࡣ㸪 5 ୓௨ୖࡢ⺮ⓑ㉁」
ྜయࡢᵓ㐀Ỵᐃࢆ⾜࠺ࡇ࡜ࡀᚲせ࡜ࡉࢀ࡚࠸ࡿࡀ NMR ឤᗘࡀపࡃ㸪S/N ẚࢆ㧗ࡵࡿࡓ
ࡵ࡟ᩘ༓ᅇ௨ୖࡢ ᐃࢆ⧞ࡾ㏉ࡍࡓࡵ⭾኱࡞᫬㛫ࢆせࡍࡿ㸬ࡼࡾ」㞧࡞⺮ⓑ㉁」ྜయࡢ
ᵓ㐀Ỵᐃࢆ⾜࠺ࡓࡵ࡟ࡣ NMR ឤᗘࡢྥୖࡀᚲせ୙ྍḞ࡜࡞ࡿ㸬ࡇࡢⅭ㸪ࡑࡇ࡛㸪ヨᩱ
࡟ᩘ W ⛬ᗘࡢ㟁☢Ἴࢆ↷ᑕࡋ࡚᰾ࢫࣆࣥ࡟ẚ࡭࡚㐶࠿࡟኱ࡁ࡞㟁Ꮚࢫࣆࣥࡢศᴟࢆ᰾
ࢫࣆࣥ࡟⛣ືࡉࡏࡿࡇ࡜࡛㸪NMR ឤᗘࢆྥୖࡉࡏࡿືⓗ᰾೫ᴟ㸦DNP㸧ἲࡀὀ┠ࡉࢀ
࡚࠸ࡿ[1]㸬㟁☢Ἴ↷ᑕ࡟ࡼࡾࠊᚑ᮶ࡢ᪉ἲ࡟ẚ࡭࡚ NMR ឤᗘࡣ 100㹼300 ಸ⛬ᗘࡢྥ
ୖࡀぢ㎸ࡲࢀࡿ㸬ຍ࠼࡚ヨᩱࢆᴟప ᮲௳ୗ࡟࡚ ᐃࢆ⾜࠺ࡇ࡜࡛㸪ࡉࡽ࡟ 10 ಸ⛬ᗘ
ࡢྥୖࡀᚓࡽࢀࡿ㸬ࡇࢀ࡟ࡼࡾ⭾኱࡞ ᐃ᫬㛫ࡢ▷⦰ࡀྍ⬟࡜࡞ࡿ㸬DNP ἲࡣ 1950 ᖺ
௦࡟ᐇ㦂ⓗ᳨ドࡀ⾜ࢃࢀ࡚ࡁࡓࡀ㸪ࢧࣈࢸࣛ࣊ࣝࢶᖏ࡛ࡣ㧗ฟຊග※ࡀᏑᅾࡋ࡞࠿ࡗࡓ
ࡓࡵ࡟ᐇ⌧ࡉࢀ࡞࠿ࡗࡓ㸬
 Gyrotron ࡣࢧ࢖ࢡࣟࢺࣟࣥඹ㬆࣓࣮ࢨ࣮స⏝ࢆⓎ᣺ཎ⌮࡜ࡍࡿࡇ࡜࠿ࡽ㸪✵Ὕඹ᣺ჾ
ࢆ༢⣧࡞ᵓ㐀࠿ࡘ༑ศ࡞኱ࡁࡉࢆྲྀࡿࡇ࡜ࡀฟ᮶ࡿࡓࡵ㸪ࢸࣛ࣊ࣝࢶ㡿ᇦ࡛ࡶᩘ 10W
௨ୖࡢ㧗ฟຊືసࢆᐇ⌧ࡍࡿ㸬୍᪉࡛㸪ຠᯝⓗ࡟ NMR ឤᗘྥୖࢆᐇ⌧ࡍࡿࡓࡵ࡟ࡣ㸪
↷ᑕࡍࡿ࿘Ἴᩘࢆ㟁Ꮚࢫࣆࣥඹ㬆࿘ἼᩘsNMR ࿘Ἴᩘ㸦600MHz NMR ࡢሙྜ㸪394.6 
GHz ± 0.6 GHz㸧࡜࡞ࡿ᭱㐺࿘Ἴᩘ࡟୍⮴ࡉࡏ࡞ࡅࢀࡤ࡞ࡽ࡞࠸㸬Gyrotron ࡢⓎ᣺࿘Ἴ
ᩘࡣ㸪ඹ᣺ჾᙧ≧࡛࡯ࡰỴᐃࡉࢀࡿࡀ〇సㄗᕪ➼࡟ࡼࡾ࿘Ἴᩘࢆ᭱㐺࿘Ἴᩘ࡟᏶඲࡟୍
⮴ࡉࡏࡿࡇ࡜ࡣ㞴ࡋ࠸㸬᭱㐺࿘Ἴᩘ࡛ࡢ↷ᑕࢆᐇ⌧ࡍࡿࡓࡵ࡟ࡶ㸪Gyrotron ࡢⓎ᣺࿘Ἴ
ᩘࢆ㐃⥆ⓗ࡟ኚ໬ࡉࡏ㸪ヨᩱ࡟ᑐࡋ࡚࿘Ἴᩘᤄᘬࡍࡿࡇ࡜ࡀᚲせ࡛࠶ࡿ㸬ࡋ࠿ࡋ࡞ࡀࡽ㸪
ᮏ᮶ Gyrotron ࡣ☢ሙᙉᗘ࡟ᑐࡋ࡚Ⓨ᣺࣮ࣔࢻࢆษࡾ᭰࠼ࡿࡇ࡜࡛Ⓨ᣺࿘Ἴᩘࢆኚ໬ࡉ
ࡏࡿࡇ࡜ࡣྍ⬟࡛࠶ࡿࡀ㸪Ⓨ᣺࣮ࣔࢻࢆኚ࠼ࡿࡓࡧ࡟࿘Ἴᩘࡀẁ㝵ⓗ࡟ኚ໬ࡍࡿࡓࡵ㸪
㐃⥆ⓗ࡞࿘Ἴᩘᤄᘬࢆ⾜࠺࡟ࡣ㐺ࡉ࡞࠸.ࡑࡢⅭ㸪᭱㐺࿘Ἴᩘ࡛ࡢ຾⪅ࡀᅔ㞴࡛㸪ࡇࢀ
ࡲ࡛࡟⾜ࢃࢀࡓ NMR ឤᗘྥୖࡣ㸪᭱㧗࡛ࡶ 20 ಸ⛬ᗘ࡛࠶ࡗࡓ[2]㸬
 ᖹᡂ 21 ᖺᗘ࡟㸪NMR ឤᗘࡢྥୖࢆ┠ᣦࡋࡓ࿘Ἴᩘ㐃⥆ྍኚ Gyrotron ࡜ࡋ࡚㸪Gyrotron 
FU CW VI ࡢ㛤Ⓨࢆ⾜ࡗࡓ[3,4]㸬ᮏ⿦⨨࡛ࡣ㸪394.65 GHz 㹼 396.27 GHz ࡟࡚࿘Ἴᩘ㐃
⥆ྍኚᖜ įf = 1.6 GHz ࢆᐇ⌧ࡋࡓ㸬Ⓨ᣺ฟຊࡣ᭱኱࡛⣙ 35 W ࡛࠶ࡗࡓ㸬ࡇࡢ◊✲㛤Ⓨ
࡟࡚☜ㄆࡉࢀࡓㄢ㢟࡜ࡋ࡚㸪Ⓨ᣺ฟຊࡀ 30 W ⛬ᗘࡀᚓࡽࢀࡿ᮲௳࡛ࡣ 10 ศ㛫ࡢⓎ᣺
20 21
ᦂືࡀ 20 ~ 30 %࡜㠀ᖖ࡟୙Ᏻᐃ࡛࠶ࡿⅬࡀᣲࡆࡽࢀࡓ㸬ᮏ Gyrotron ࡣ㸪⤌ࡳ❧࡚⟶࡛
࠶ࡿⅭ㸪ᐇ㦂᫬ࡢ⟶ෆᅽຊࡣ 10-6 ~ 10-4 Pa ࡢ⠊ᅖ࡛ኚືࡍࡿ㸬ࡑࡢⅭ㸪⟶ෆᅽຊࡢኚື
࡟ࡼࡾࣅ࣮࣒㟁ὶࡢ୙Ᏻᐃᛶࢆㄏ㉳ࡋ㸪Ⓨ᣺ฟຊࡢᦂືࡢቑ኱ࢆ⏕ࡌࡓ࡜⪃࠼ࡽࢀࡿ㸬
ࡲࡓ㸪DNP ᐇ㦂࡬㐺⏝ࡍࡿሙྜ࡟࠾࠸࡚ఏ㏦ᦆኻࡍࡿࡇ࡜ࡸ㸪࣮ࣔࢻࢥࣥࣂ࣮ࢱࢆෆ
ⶶࡋࡓሙྜ࡟࡚ኚ᥮ᦆኻࡀ⏕ࡌࡿࡇ࡜ࢆ⪃៖ࡋ㸪᭦࡞ࡿⓎ᣺ฟຊࡢྥୖࡶᮃࡲࢀࡿ㸬ࡇ
ࢀࡽࡢၥ㢟ࢆᨵၿࡍࡿⅭ࡟࿘Ἴᩘ㐃⥆ྍኚ Gyrotron ࡜ࡋ࡚㸪᪂ࡓ࡟ Gyrotron FU CW VI 
A ࡢ㛤Ⓨࢆ⾜ࡗࡓ㸬
2. Gyrotron FU CW VI A  
 Gyrotron FU CW VI A ࡣ㸪඲㛗 1443.35 mm ࡢ┿✵ᑒࡌษࡾ⟶࡛࠶ࡿ㸬Ⰻ㉁࡞࣮࣋࢟ࣥ
ࢢࡢຠᯝ࡟ࡼࡾ⟶ෆᅽຊࡣ 10-7 Pa ࡜㧗┿✵≧ែࢆ⥔ᣢࡍࡿ㸬ࡇࢀ࡟ࡼࡾ㸪ᐇ㦂᫬࡛ࡢ
⟶ෆᅽຊୖ᪼ࡶᢚ࠼ࡽࢀ㸪ࡑࢀ࡟㉳ᅉࡍࡿࣅ࣮࣒㟁ὶࡢ୙Ᏻᐃᛶࡶᢚไࡉࢀࡿࡶࡢ࡜ᮇ
ᚅࡉࢀࡿ㸬✵⬗ඹ᣺ჾࡢᙧ≧ࡣ㸪ᅗ 1 ࡟♧ࡍࡼ࠺࡟༙ᚄ Rc = 4.700 mm㸪ඹ᣺ჾ Lc = 20 mm㸪
ࢲ࢘ࣥࢸ࣮ࣃ࡜࢔ࢵࣉࢸ࣮ࣃࡢゅᗘࡣ 2.619r࡜ 3.248r࡜࡞ࡗ࡚࠸ࡿ㸬⤌ࡳ㎸ࢇࡔ㟁Ꮚ
㖠ࡣ㸪Gyrotron FU CW VI ࡢࡶࡢ࡜ྠࡌ࡛࠶ࡿ㸬㟁Ꮚ㖠࢚࣑ࢵࢸ࢕ࣥࢢᖏ࠿ࡽඹ᣺ჾ୰
ᚰࡲ࡛ࡢ㊥㞳ࡣ㸪470.9 mm ࡜࡞ࡗ࡚࠸ࡿ㸬࣐ࢢࢿࢵࢺࡣ㸪࣒࣊ࣜ࢘ࣇ࣮ࣜ15 T ㉸㟁ᑟ
࣐ࢢࢿࢵࢺ࡜ෆᚄ 150 mm ࡢ 2 ᯛࡢ⿵ຓ☢ሙ࣐ࢢࢿࢵࢺࢆ⏝࠸ࡓ㸬
ᅗ 1 Gyrotron FU CW VIA ࡜✵⬗ඹ᣺ჾ㒊ࡢタィᅗ
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3. Gyrotron FU CW VI A ࡢⓎ᣺ᐇ㦂
 ᅗ 2 ࡟☢ሙᙉᗘ 13.0 T ࠿ࡽ 15.0 T ࡟࠾ࡅࡿⓎ᣺ಙྕ࠾ࡼࡧⓎ᣺㛤ጞ㟁ὶࡢィ⟬್ࢆ
♧ࡍ㸬Ⓨ᣺ಙྕࡣ㸪↔㟁ᆺ᳨ฟჾࢆ⏝࠸࡚ ᐃࡋࡓ㸬Ⓨ᣺᮲௳ࡣ㸪࢝ࢯ࣮ࢻ㟁ᅽ Vk = 12.0 
kV, ࢔ࣀ࣮ࢻ㟁ᅽ Va = 6.0 kV㸪ࣅ࣮࣒㟁ὶ Ib ~ 300 mA㸪⿵ຓ☢ሙ㟁ὶ Ig = - 100 A ࡛࠶
ࡿ㸬⿵ຓ☢ሙ㟁ὶࡀ㈇ࡢ್࡛࠶ࡿࡢࡣ㉸㟁ᑟ࣐ࢢࢿࢵࢺࡢ☢ሙ᪉ྥ࡜཯㌿࡛࠶ࡿࡇ࡜ࢆ
♧ࡋ࡚࠸ࡿ㸬Ⓨ᣺ࡣ㸪⧞ࡾ㏉ࡋ࿘Ἴᩘ 10 Hz㸪Duty ẚ 20 %࡛⾜ࡗࡓ㸬Ⓨ᣺㛤ጞ㟁ὶࡣ㸪
ࣆࢵࢳࣇ࢓ࢡࢱ࣮D = 1.2㸪ࣅ࣮࣒༙ᚄ Rb = 0.65 mm ࡜ࡋ࡚ィ⟬ࡋࡓ㸬ࡇࡢ⤖ᯝࡼࡾ㸪Bc
= 14. 2 ~ 14.4 T ࡟ TE4,5 ࣮ࣔࢻ㸪14.4 ~ 14.6 T ㎶ࡾ࡛ TE2,6 ࠿ࡽ TE0,6 ࣮ࣔࢻࡀບ㉳ࡋ
ࡓ࡜⪃࠼ࡽࢀࡿ㸬ࡲࡓ㸪࢝ࢯ࣮ࢻ㟁ᅽ Vk = -8 kV,- 9 kV, -10 kV, -12 kV, -14 kV ࡢሙྜ࡛ࡢ
☢ሙᙉᗘ࡟ᑐࡍࡿⓎ᣺ಙྕࢆᅗ 3 ࡟♧ࡍ㸬ࣅ࣮࣒㟁ὶ Ib ~ 300 mA㸪⿵ຓ☢ሙ㟁ὶ Ig = - 
250 A ࡛࠶ࡿ㸬 TE4,5 ࡀⓎ᣺ࡋ࡚࠸ࡿ࡜⪃࠼ࡽࡿ 14.1 ~ 14.4 T ࡢ⠊ᅖ࡛ࡣ㸪Vk = -10 kV
௨ୗ࡛㢧ⴭ࡞Ⓨ᣺ࢆ♧ࡋࡓ㸬
 TE4,5 ࣮ࣔࢻࡢⓎ᣺࡟ࡘ࠸࡚㸪⿵ຓ☢ሙ㟁ὶཬ࡟ᑐࡍࡿỈ㈇Ⲵ࡟ࡼࡿⓎ᣺ฟຊ≉ᛶࢆ
ᅗ 4(a)࡟♧ࡍ㸬 ᐃ᮲௳ࡣ㸪☢ሙᙉᗘ Bc = 14. 29 T㸪࢝ࢯ࣮ࢻ㟁ᅽ Vk = -12 kV㸪ࣅ࣮࣒
㟁ὶ Ib ~ 300 mA ࡛࠶ࡿ㸬࢔ࣀ࣮ࢻ㟁ᅽࡣ㸪Va = -5.0 kV, -6.0 kV, -7.0 kV ࡟ࡘ࠸࡚♧ࡋ࡚
࠸ࡿ㸬࢔ࣀ࣮ࢻ㟁ᅽ Va = -5.0 kV, -6.0 kV,ࡢ᮲௳࡛ࡣ㸪⿵ຓ☢ሙ㟁ὶ Ig = -200 A ~ 0 A ࡢ
Ⓨ᣺ฟຊࡣ 20 W ~ 30 W ࡛࠶ࡗࡓࡀ㸪-200 A ㎶ࡾ࠿ࡽᛴ⃭࡟ฟຊࡀୖ᪼ࡋ࡚࠸ࡿ㸬⣙ 70 
W ࡟㐩ࡋࡓ㸬㟁Ꮚࣅ࣮࣒ࡢඹ᣺ჾධᑕ༙ᚄ Rinjࡀ㸪
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ࡇࡇ࡛㸪Ȥmn’ࡣ࣋ࢵࢭࣝ㛵ᩘࡢゎ㸪ࣁ࣮ࣔࢽࢵࢡᩘ s㸪㟁⏺ࣆ࣮ࢡ l, ඹ᣺ჾ༙ᚄ
Rc࡛࠶ࡿ㸬ᘧ୰ࡢsࡣ㸪ࣉࣛࢫࡀ Counter-mode㸪࣐࢖ࢼࢫࡀ Co-mode ࡟ᑐᛂࡍ
ࡿ㸬TE4,5 ࡢሙྜ㸪Counter-mode ࡢ᭱㐺ධᑕ༙ᚄ Rb_ctr = 0.785 mm, Co-mode ࡢ᭱
㐺ධᑕ༙ᚄ Rb_co = 0.514 mm ࡜࡞ࡿ㸬Ig = -250 A ࡢሙྜ㸪ඹ᣺ჾධᑕ༙ᚄࡣ Rinj ~ 0.57 mm
࡜࡞ࡿࡇ࡜࠿ࡽ㸪Co-mode ࡟࠾ࡅࡿ᭱㐺ධᑕࣅ࣮࣒༙ᚄ Rb_co = 0.514 mm ࡟᥋㏆ࡋࡓⅭ
࡜⪃࠼ࡽࢀࡿ㸬ྠᵝ࡟㸪⿵ຓ☢ሙ㟁ὶࢆṇ࡟ቑຍࡉࡏࡿࡇ࡜࡛ Counter-mode ࡛ࡢⓎ᣺
ࡶᮇᚅฟ᮶ࡿ࡜⪃࠼ࡽ࠼ࢀࡿ㸬࢔ࣀ࣮ࢻ㟁ᅽ Va = -7.0 kV ࡛ࡣ㸪Ⓨ᣺ฟຊࡀ 20 W~30 W
࡜ᖹᆠ࡞⤖ᯝ࡜࡞ࡗ࡚࠾ࡾ㸪࢔ࣀ࣮ࢻ̿࢝ࢯ࣮ࢻ㛫㟁ᅽࡀ⊃ࡲࡗࡓࡇ࡜࡛㸪ࣆࢵࢳࣇ࢓
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ࢡࢱ࣮ࡀῶᑡࡋⓎ᣺ຠ⋡ࡀప࠿ࡗࡓࡢ࡛ࡣ࡞࠸࠿࡜ࡀ⪃࠼ࡽࢀࡿ㸬ḟ࡟㸪ࣅ࣮࣒㟁ὶ࡟
ᑐࡍࡿⓎ᣺ฟຊ≉ᛶࢆᅗ 4(b)࡟♧ࡍ㸬 ᐃ᮲௳ࡣ㸪☢ሙᙉᗘ Bc = 14. 29 T㸪࢝ࢯ࣮ࢻ㟁
ᅽ Vk = -12 kV㸪࢔ࣀ࣮ࢻ㟁ᅽ Va = -6 kV㸪⿵ຓ☢ሙ㟁ὶ Ig = -100 A ࡛࠶ࡿ㸬ࣅ࣮࣒㟁ὶ
Ib = 200 mA ࡲ࡛ࡣ㸪ฟຊࡢୖ᪼ࡀぢࡽࢀࡓࡀ 30 W ㎶ࡾ࡛㣬࿴ࡋࡓ㸬⿵ຓ☢ሙ㟁ὶࡀ Ig
= -100 A ࡛ࡢࢣ࣮ࢫ࡛࠶ࡿⅭ࡟㸪᭱㐺ධᑕ༙ᚄ࠿ࡽࡎࢀ࡚࠾ࡾⓎ᣺ຠ⋡ࡀప࠸Ⅼ㸪ࣅ࣮
࣒㟁ὶࡢୖ᪼࡟ࡼࡾ✵㛫㟁Ⲵຠᯝ࡟ࡼࡗ࡚ࣆࢵࢳࣇ࢓ࢡࢱ࣮ཬࡧࡑࡢศᩓࡀቑ኱ࡋ㸪ࣅ
࣮࣒㟁ὶࡢቑ኱࡟ᑐࡋ࡚Ⓨ᣺ฟຊࡢୖ᪼ࢆጉࡆࡽࢀࡓࡢ࡛ࡣ࡞࠸࠿࡜⪃࠼ࡽࢀࡿ㸬ࡇࢀ
ࡽࡢ⤖ᯝࡣ㸪᭱ 㐺ධᑕ༙ᚄ࡟୍⮴ࡍࡿࣅ࣮࣒ධᑕࢆᐇ⌧ࡋ㸪㧗࠸ࣆࢵࢳࣇ࢓ࢡࢱ࣮࠿ࡘ
ࣆࢵࢳࣇ࢓ࢡࢱ࣮ศᩓࡀపࡃ࡞ࡿࡼ࠺࡞᮲௳࡛ᐇ㦂ࢆ⾜࠼ࢀࡤ㸪᭦࡞ࡿⓎ᣺ฟຊࡢྥୖ
ࡀᮃࡵࡿࡇ࡜ࢆ♧၀ࡋ࡚࠾ࡾ㸪100 W ⛬ᗘࡢⓎ᣺ࡀྍ⬟࡜ᮇᚅࡉࢀࡿ㸬
 ࡋ࠿ࡋ࡞ࡀࡽ㸪ᮏᐇ㦂⤊஢ᚋ࡟ Gyrotron ࡢ┿✵❆ࡢ◚ᦆࡀ⏕ࡌ㸪㟁Ꮚ㖠࡬ࡢᦆയ࡟
ࡼࡾᐇ㦂ࡢ⥆⾜ࡀ୙ྍ⬟࡜࡞ࡗࡓ㸬ࡑࡇ࡛㸪ᮏ Gyrotron ࡢᨵಟࢆ⾜࠺ࡇ࡜࡜࡞ࡗࡓ㸬
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ᅗ 3 ࢝ࢯ࣮ࢻ㟁ᅽ࡟ᑐࡍࡿⓎ᣺ฟຊಙྕ
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ᅗ 4 (a)⿵ຓ☢ሙ㟁ὶ࡟ᑐࡍࡿⓎ᣺ฟຊ (b)ࣅ࣮࣒㟁ὶ࡟ᑐࡍࡿⓎ᣺ฟຊ
3. ࿘Ἴᩘ㐃⥆ྍኚᶵᵓࡢ⪃ᐹ
 Gyrotron ࡢᨵಟ࡟࠶ࡓࡾ㸪࿘Ἴᩘ㐃⥆ྍኚࡢᶵᵓ࡟ࡘ࠸࡚⪃ᐹࢆ⾜ࡗࡓ㸬࿘Ἴᩘྍኚ
ᖜࢆぢ✚ࡶࡿ᪉ἲ࡜ࡋ࡚㸪௨ୗࡢ᪉ἲࢆ⏝࠸ࡿ㸬✵⬗ඹ᣺ჾ࡟ࡼࡗ࡚ỴࡵࡽࢀࡿⓎ᣺࿘
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࡛࠶ࡿ㸬ࡋ࠿ࡋ࡞ࡀࡽ㸪ᅗ 5 ࡟♧ࡍࡼ࠺࡞ඹ᣺ჾฟཱྀ࠿ࡽࡢ཯ᑕἼ㸦ᚋ㐍Ἴ㸧ᡂศࡀ㢧
ⴭ࡜࡞ࡿ࡜㟁Ꮚࣅ࣮࣒࡜࡜ࡢ㛫࡛┦஫స⏝ࡀ⏕ࡌ Gyro-BWO ⓗືసࢆࡍࡿ㸬ࡇࡢሙྜ㸪
୍⯡ⓗ࡞ Gyrotron ࡜ࡣ㸪Ⓨ᣺᮲௳ࡀ␗࡞ࡿ㸬ᅗ 6 ࡟♧ࡍࡼ࠺࡟㸪Gyrotron ࡣ㏿Ἴࢧ࢖ࢡ
ࣟࢺ࣮ࣟࣥࣔࢻ࡜ඹ᣺ჾ࣮ࣔࢻࡀ᥋ࡍࡿⅬ࡛Ⓨ᣺ࡍࡿࡀ㸪࠸ࢃࡺࡿ Gyro-BWO ࡣ㸪ඹ
᣺ჾ࣮ࣔࢻ࡜㏿Ἴࢧ࢖ࢡࣟࢺ࣮ࣟࣥࣔࢻࡢ஺Ⅼ࡛Ⓨ᣺ࡍࡿ㸬ࡇࡢ㛵ಀࢆᘧ࡛⾲ࢃࡍ࡜㸪
㟁Ꮚࢧ࢖ࢡࣟࢺࣟࣥ࿘Ἴᩘ࡟ࢻࢵࣉ࣮ࣛࢩࣇࢺࡢ㡯 k//v//ࡀ௜ຍࡉࢀ㸪
(6)cs k vZ | :     
࡜⾲ࢃࡉࢀࡿ㸬ࡇࡇ࡛㸪v//ࡣ㸪

2
2 (7)1
vv D   㸪
࡛࠶ࡾ㸪Įࡣࣆࢵࢳࣇ࢓ࢡࢱ࣮࡛࠶ࡿ㸬ᚋ㐍Ἴ࡛࠶ࡿࡇ࡜࠿ࡽ㸪⦪㍈࣮ࣔࢻࡣ q = +1, -1, 
-2, -3 ͐࡜࠸࠺㈇ࡢ್ࢆ࡜ࡗ࡚࠸ࡃ㸬౛࡜ࡋ࡚࢝ࢯ࣮ࢻ㟁ᅽࡸࣆࢵࢳࣇ࢓ࢡࢱ࣮ࡣྠ୍
࡛㸪ඹ᣺ჾ༙ᚄ㸦Rc = 2.372 mm㸧ࡶྠࡌ࡛࠶ࡿࡀ㸪ඹ᣺ჾ㛗ࡀ␗࡞ࡿሙ 㸦ྜLc = 25 mm㸪
20 mm㸪10 mm㸧࡟࠾ࡅࡿ⦪㍈࣮ࣔࢻࡢኚ໬ࢆᅗ 7 ࡟♧ࡍ㸬☢ሙᙉᗘࡢቑ኱࡟క࠸㸪࿘
Ἴᩘࡀྥୖࡋ࡚࠸ࡃࡇ࡜ࡀศ࠿ࡿ㸬ࡇࢀࡣ㸪ᘧ㸦6㸧ࡢ㛵ಀ࠿ࡽ㸪࿘Ἴᩘྍኚ㡿ᇦࡣ㟁
Ꮚࢧ࢖ࢡࣟࢺࣟࣥඹ㬆࿘Ἴᩘ fcࡼࡾప࠸㡿ᇦ࡛࿘Ἴᩘࡀኚ໬ࡍࡿࡇ࡜ࢆ♧ࡋ࡚࠸ࡿ㸬ࡇ
ࡢᅗࡼࡾ㸪☢ሙᙉᗘࡢኚ໬ᖜࡣ࡯ࡰྠࡌ࡛࠶ࡿ୍᪉࡛㸪ඹ᣺ჾ㛗ࡀ㛗࠸࡯࡝⦪㍈࣮ࣔࢻ
ࡀᐦ࡟ບ㉳ࡉࢀ㸪㧗ḟࡲ࡛ບ㉳ࡉࢀ࡚࠸ࡿࡇ࡜ࡀぢ࡚ྲྀࢀࡿ㸬ඹ᣺ჾ㛗 Lc = 10 mm ࡢ
ࡼ࠺࡟⦪㍈࣮ࣔࢻ㛫ࡢᖜࡀ㞳ࢀ࡚࠸ࡿ࡜Ⓨ᣺ࡣ᩿⥆ⓗ࡟࡞ࡗࡓࡾ㸪㧗ḟ࣮ࣔࢻࡀບ㉳ࡋ
࡞ࡃ࡞ࡿྍ⬟ᛶࡀ࠶ࡿ㸬୍ ᪉࡛㸪ඹ᣺ჾ㛗ࡀ㛗ࡅࢀࡤ୍ࡘࡢ⦪㍈࣮ࣔࢻࡢⓎ᣺ࡀ⤊ࢃࡿ
๓࡟ḟࡢ⦪㍈࣮ࣔࢻࡀບ㉳ࡉࢀ࡚㐃⥆ⓗ࡞Ⓨ᣺࡜㸪⁥ࡽ࠿࡞࿘Ἴᩘ㐃⥆ྍኚࢆ୧❧ࡍࡿ
ࡇ࡜ࡀฟ᮶ࡿ࡜⪃࠼ࡿ㸬ࡓࡔࡋ㸪⦪㍈࣮ࣔࢻ㛫࡛ࡢ࣮ࣔࢻ➇ྜࡀ࠶ࡿ࡜Ⓨ᣺ࡀ㏵ษࢀࡿ
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ᅗ 5 Gyro-BWO ࡢᶍᘧᅗ
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ᅗ 6 Gyrotron ࡜ Gyro-BWO ࡢศᩓ㛵ಀ
ᅗ 7 ඹ᣺ჾ㛗࡟ᑐࡍࡿ⦪㍈࣮ࣔࢻࡢບ㉳
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ྍ⬟ᛶࡀ࠶ࡾ㸪ඹ᣺ჾ㛗ࡢୖ㝈ࢆ⌮ゎࡍࡿ࡟ࡣᚋ㐍Ἴస⏝ࢆ⪃៖ࡋࡓ࣮ࣔࢻ➇ྜィ⟬ࢆ
⾜࠺ᚲせࡀ࠶ࡿࡔࢁ࠺㸬
 ࡇࡢホ౯ἲࢆ⏝࠸࡚㸪㐣ཤ࡟㛤Ⓨࢆ⾜ࡗࡓ Gyrotron FU CW VI ࡢ࿘Ἴᩘྍኚᖜࡀ
୍⮴ࡍࡿࡢ࠿ẚ㍑ࢆ⾜ࡗࡓ㸬☢ሙᙉᗘ 13.9 T ~ 14.8 T ࡟࠾ࡅࡿྛ࣮ࣔࢻࡢ࿘Ἴᩘ࡜ィ
⟬⤖ᯝࢆᅗ 8 ࡟♧ࡋࡓ㸬ᅗ୰ࡢ┤⥺ࡣ㸪ᩘ ್ィ⟬ࡢ☢ሙᙉᗘ࡛ホ౯ࡋࡓ㟁Ꮚࢧ࢖ࢡࣟࢺ
ࣟࣥ࿘Ἴᩘ࡛࠶ࡿ㸬᮲௳ࡣ㸪࢝ࢯ࣮ࢻ㟁ᅽ Vk = 12 kV, ඹ᣺ჾ༙ᚄ Rc = 2.3735 mm, ඹ
᣺ჾ㛗 Lc = 25.0mm㸪ࣆࢵࢳࣇ࢓ࢡࢱ࣮Į = 1.5 ࡜ࡋࡓ㸬タィඹ᣺ჾ┤ᚄࡣ㸪2.372 mm
࡛࠶ࡿࡀ㸪࿘Ἴᩘ ᐃ࠿ࡽ+1.5 ȝm ኱ࡁ࠸࡜ホ౯ࡋ࡚࠸ࡿࡢ࡛ࡇࢀࢆ⪃៖ࡋࡓ㸬ᅗ࠿ࡽ㸪
࿘Ἴᩘୖ᪼ࡢ௙᪉ࡀ㸪≉࡟ TE4,5 ࡜ TE0,6 ࡛ࡣィ⟬⤖ᯝ࡜࡯ࡰ୍⮴ࡋ࡚࠾ࡾ㸪㟁Ꮚࣅ
࣮࣒࡜ᚋ㐍Ἴ࡜ࡢ┦஫స⏝ࡢຠᯝ࡟ࡼࡿ࿘Ἴᩘྍኚ࡛࠶ࡗࡓࡇ࡜ࢆ♧ࡋ࡚࠸ࡿ㸬࿘Ἴᩘ
ኚ໬ࡀྍ⬟࡞☢ሙᙉᗘࡢᖜࡣ㸪㞄ࡢ TEm,n ࣮ࣔࢻࡢບ㉳࡛ไ㝈ࡉࢀ࡚࠸ࡿࡇ࡜ࡀศ࠿
ࡿ㸬TE2,6 ࣮ࣔࢻ࡛࿘Ἴᩘྍኚࡀᚓࡽࢀ࡞࠸ࡢࡣ㸪Ⓨ᣺☢ሙᙉᗘࡢᖜࡀ⊃ࡃ㸪⦪㍈࣮ࣔ
ࢻ q = 1 ࠿ࡽ q = -1 ࡛Ⓨ᣺ࡀ⤊஢ࡋ࡚࠸ࡿⅭ࡛࠶ࡿ㸬ࡉࡽ࡟ヲࡋࡃ TE0,6 ࣮ࣔࢻ࡟ࡘ
࠸࡚⪃ᐹࡍࡿ㸬☢ሙᙉᗘ࡟ᑐࡍࡿ࿘Ἴᩘࡢᐇ㦂⤖ᯝࢆ㉥ᢤࣉࣟࢵࢺ࡜ࣆࢵࢳࣇ࢓ࢡࢱ࣮
Į = 1.0, 1.5, 2.0 ࡟࠾ࡅࡿᩘ್ィ⟬⤖ᯝࢆᅗ 9 ࡟♧ࡋࡓ㸬ࡇࡢ࿘Ἴᩘྍኚ࡛ࡣ㸪⦪㍈ࣔ
࣮ࢻࡣ q = -6 ࡲ࡛ບ㉳ࡋࡓ࡜⪃࠼ࡽࢀࡿ㸬ᐇ㦂⤖ᯝ࡟࠾࠸࡚㸪☢ሙᙉᗘ࡟ᑐࡍࡿ࿘Ἴ
ᩘࡢ໙㓄ࡀ㸪14.3 T ~ 14.4 T ࡜ 14.4 T ~ 14.5 T ࡛␗࡞ࡗ࡚࠸ࡿ㸬ࡇࢀࡣ㸪☢ሙᙉᗘࡢ
ኚ໬࡟ࡼࡗ࡚ࣆࢵࢳࣇ࢓ࢡࢱ࣮ࡀኚ໬ࡍࡿࡇ࡜࡟ࡼࡗ࡚⏕ࡌ࡚࠸ࡿྍ⬟ᛶࡀ⪃࠼ࡽࢀ
ࡿ㸬ࡑࡢⅭ㸪ᐇ㦂᫬ࡢࣆࢵࢳࣇ࢓ࢡࢱ࣮ࡣ㸪Į = 1.5 ~ 2.0 ࡛ኚືࡀ࠶ࡗࡓࡢ࡛ࡣ࡞࠸࠿
࡜⪃࠼࡚࠸ࡿ㸬௨ୖࡢ⤖ᯝ࠿ࡽ㸪ࡼࡾᖜᗈ࠸࿘Ἴᩘྍኚࢆᐇ⌧ࡍࡿⅭ࡟ࡣ㸪༢⊂Ⓨ᣺ࡍ
ࡿ☢ሙᙉᗘࡀᖜᗈ࠸ TEm,n ࣮ࣔࢻࢆ㑅ᢥࡋ㸪Į = 2.0 ࡢࡼ࠺࡞㧗࠸ࣆࢵࢳࣇ࢓ࢡࢱ࣮ࢆ
ᐇ⌧ࡍࢀࡤⰋ࠸ࡇ࡜ࡀศ࠿ࡗࡓ㸬
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ᅗ 8  Gyrotron FU CW VI ࡛ࡢ࿘Ἴᩘྍኚᖜࡢᐇ㦂⤖ᯝ࡜ィ⟬⤖ᯝ
α=1.0
α=1.5
α=2.0
14.4 14.5 14.6 14.7
Calculated magnetic field strength [T]
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ᅗ 9  Gyrotron FU CW VI ࡢ TE0,6 ࣮ࣔࢻ࡛ࡢ࿘Ἴᩘྍኚᖜࡢᐇ㦂⤖ᯝ࡜ィ⟬⤖ᯝ
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4. Gyrotron FU CW VI A ࡢඹ᣺ჾࡢ᳨ウ
ࡇࡇࡲ࡛࡟㏙࡭ࡓ࿘Ἴᩘྍኚᶵᵓࡢ⪃ᐹ࠿ࡽ㸪࿘Ἴᩘ ᐃࢆ⾜࠺ࡇ࡜ࡀฟ᮶࡞࠿ࡗࡓ
Gyrotron FU CW VIA ࡢ࿘Ἴᩘྍኚ㡿ᇦࢆぢ✚ࡶࡿ㸬࢝ࢯ࣮ࢻ㟁ᅽ Vk = 12 kV, ࣆࢵࢳࣃ
࣓࣮ࣛࢱ Į = 1.5 ࡜௬ᐃࡍࡿ㸬Gyrotron FU CW VIA ࡣ✵⬗ඹ᣺ჾ༙ᚄ Rc = 4.700 mm㸪ඹ
᣺ჾ Lc = 20 mm ࡛࠶ࡿ㸬ࡑࡢ⤖ᯝࢆᅗ 10 ࡟♧ࡋࡓ㸬TE4,5 ࣮ࣔࢻࡢ࿘Ἴᩘྍኚᖜࡣ㸪
⣙ 1.5 GHz ࡜ண᝿ࡉࢀࡓ㸬ࡇࡇ࡛㸪ၥ㢟࡜࡞ࡿࡢࡣᮏ Gyrotron ࡣ㸪600 MHz DNP-NMR
ศග࡬ࡢᛂ⏝ࢆ┠ⓗ࡜ࡋ࡚㛤Ⓨࢆ⾜ࡗ࡚࠸ࡿࡓࡵ㸪394.0 GHz ~ 395.2 GHz ࡢ㡿ᇦ࡛ࡢ࿘
Ἴᩘ㐃⥆ྍኚࡀᚲ㡲࡛࠶ࡿ㸬ࡑࡢⅭ㸪✵⬗ඹ᣺ჾࡢ෌タィࡀᚲせ࡜࡞ࡗࡓ㸬
✵⬗ඹ᣺ჾタィࢆ⾜࠺࡟࠶ࡓࡾ᭱ప㝈‶ࡓࡍ࡭ࡁⅬ࡜ࡋ࡚㸪㟁Ꮚࣅ࣮࣒ࡢᅇ཰ⅬࡀỈ
෭ᒙ㡿ᇦ࡟཰ࡲࡿ☢ሙ㓄఩࡛㸪ࣅ࣮࣒༙ᚄࡀ᭱㐺ධᑕ༙ᚄࢆᐇ⌧ࡍࡿ࣮ࣔࢻࢆ㑅ᢥࡍࡿ
ࡇ࡜࡛࠶ࡿ㸬Ỉ෭ᒙ㡿ᇦ࡟཰ࡵࡿࡓࡵ࡟ࡣ㸪ᅗ 11 ࡟♧ࡍࡼ࠺࡟⿵ຓ☢ሙ㟁ὶࡣ Ig = -200 
A ~ 300 A ࡛࡞ࡅࢀࡤ࡞ࡽ࡞࠸㸬ࡋ࠿ࡋ㸪Gyrotron FU CW VIA ࡛ࡣ㸪⿵ຓ☢ሙ࣐ࢢࢿࢵ
ࢺ࡜㉸㟁ᑟࢥ࢖ࣝ㛫㊥㞳ࡀ㏆࠸ࡓࡵ㸪Ig = -150 A ~ 150 A ࡀᮃࡲࡋ࠸㸬⥆࠸࡚㸪⿵ຓ☢ሙ
㟁ὶ࡟ᑐࡍࡿࣅ࣮࣒༙ᚄࢆᅗ 12 ࡟♧ࡍ㸬ࡇࡢᅗࡼࡾ㸪ධᑕࣅ࣮࣒༙ᚄࡣ Rinj = 0.65 mm ~ 
0.85 mm ࡜࡞ࡿ㸬࿘Ἴᩘ㐃⥆ྍኚࡢᐇ⦼ࡢ࠶ࡿ TE0,6 ࣮ࣔࢻࡢሙྜࡣ㸪Gyrotron FU CW 
VI ࡜ྠࡌඹ᣺ჾᙧ≧࡜ࡋࡓሙྜ࡟࠾࠸࡚㸪ᘧ(2)ࡢ㟁⏺ࣆ࣮ࢡ l = 2 ࡢሙྜ࡟᭱㐺ධᑕ༙
ᚄࡣ Rb_ctr ~ 0.65 mm ࡜࡞ࡿ㸬ࡇࡢ⤖ᯝࡼࡾ㸪Gyrotron FU CW VI A ࡢ☢ሙ⠊ᅖ࡟࠾࠸࡚
ࡶ㸪Gyrotron FU CW VI ࡜ྠࡌඹ᣺ჾタィ࡟࡚࿘Ἴᩘ㐃⥆ྍኚࡀᮃࡴࡇ࡜ࡀฟ᮶ࡿ㸬᭦
࡟ูࡢⓎ᣺࣮ࣔࢻ࡟ࡘ࠸࡚ࡶ௒ᚋ᳨ウࢆ⥆ࡅࡿ㸬
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5. ࡲ࡜ࡵ
600 MHz DNP-NMRศග ᐃࡢࡓࡵ࡟㸪᪂ࡓ࡟┿✵ᑒࡌษࡾ⟶ Gyrotron FU CW VIA
ࡢ㛤Ⓨࢆ⾜ࡗࡓ㸬Ⓨ᣺ฟຊ࡟࠾࠸࡚᭱኱ 70 Wࢆᐇ⌧ࡋࡓ㸬ࡋ࠿ࡋ࡞ࡀࡽ㸪 Gyrotron FU 
CW VIAࡢᨾ㞀࡟ࡼࡾ࿘Ἴᩘࢆ ᐃࡍࡿࡇ࡜ࡀฟ᮶࡞࠿ࡗࡓ㸬ィ⟬࡟ࡼࡾண ࡉࢀࡓⓎ
᣺࿘Ἴᩘࡣ㸪┠ᶆ࡜ࡍࡿ 394.0±0.6 GHzࡢ㡿ᇦ࠿ࡽࡎࢀ࡚࠸ࡿၥ㢟ࡀ࠶ࡗࡓ㸬Gyrotron
ࡢᨵಟ࡟క࠸✵⬗ඹ᣺ჾࡢ෌タィࢆ⾜࠸㸪ḟᮇ⿦⨨࡟࡚ 100 W⣭࠿ࡘ࿘Ἴᩘྍኚᖜ 1.5 
GHz௨ୖࡢ࿘Ἴᩘ㐃⥆ྍኚ Gyrotronࡢᐇ⌧ࢆ┠ᣦࡍ㸬
ㅰ㎡
ᮏ◊✲ࡣ㸪⛉Ꮫᢏ⾡᣺⯆ᶵᵓ㸦JST㸧ࡢඛ➃ィ ศᯒᢏ⾡࣭ᶵჾ㛤Ⓨ஦ᴗࡢ୍⎔࡜ࡋ
࡚⾜ࢃࢀࡓ㸬ࡇࡇ࡟グࡋ࡚ឤㅰࡢពࢆ⾲ࡍ㸬
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